Background: Fluorescence diffuse tomography (FDT) is the most accurate technique for the imaging of labeled tumors in the small animal body. However, the procedure for reconstruction of the spatial distribution of the fluorophore requires a high signal-to-noise ratio due to the ill-condition of the inverse problem. Therefore, the FDT technique is ineffective for imaging tumors of small size or with dim fluorophores because of the low intensity of their fluorescence compared with the high level of tissue autofluorescence. In these cases, the size and position of a marked tumor in the animal body can be estimated from two-dimensional fluorescence images obtained using trans-or epi-illumination techniques. Material and methods: A versatile system for small animal fluorescence imaging which combines planar epi-and trans-illumination geometries of the light source and of the fluorescence receiver was created and tested. For epiillumination imaging, light-emitting diode sources were used to provide homogeneous and stable illumination of the experimental animal, in combination with a cooled CCD camera which covers the entire illuminated area. For trans-illumination imaging, mechanical raster-scanning devices modulated at a low frequency were used for the laser source, together with a cooled photomultiplier tube, which provided outstanding sensitivity. Results: Monitoring the orthotopic tumor growth in animal bodies has demonstrated the efficacy of trans-illumination imaging in comparison with the epi-illumination technique. The results obtained also showed that the effective use of the trans-illumination technique requires Born normalization of the fluorescence signal and the exclusion of lateral illumination by surrounding the animal with additional light absorption material using lightabsorption pads on both sides of the body.
gekühlten CCD-Kamera, die die gesamte beleuchtete Flä-che abdeckt, verwendet. Für die Durchlicht-Anordnung wurden für die Laserquelle mechanische Rasterscaneinrichtungen, die mit einer niedrigen Frequenz moduliert wurden, zusammen mit einem gekühlten Photomultiplier, der eine hervorragende Empfindlichkeit gewährleistet, verwendet. Ergebnisse: Zur Überwachung des orthotopen Tumorwachstums im Tierkörper erwies sich die DurchlichtAnordnung gegenüber der Auflicht-Anordnung als überlegen. Die gewonnenen Ergebnisse zeigten aber auch, dass die effektive Nutzung der Durchlicht-Anordnung eine Born-Normalisierung des Fluoreszenzsignals sowie den Ausschluss seitlicher Beleuchtung durch ein das Tier umgebendes zusätzliches Lichtabsorptionsmaterial (bspw. in Form von Lichtabsorptions-Pads auf beiden Seiten des Körpers) erfordert.
Introduction
In the last decade, fluorescence imaging has become one of the most commonly used tools in pre-clinical studies [1, 2] . A growing interest in this method has been stimulated by the emergence of high-power compact light sources operating at various wavelengths and high-sensitivity cooled optical detectors and novel, bright contrast agents. Currently, fluorescent labeling of cells allows the visualization of biological processes in fully integrated living systems with extraordinary contrast and high spatial resolution [2] [3] [4] . In particular, fluorescence imaging based on the specific marking of cancer cells is widely used in experimental oncology for the visualization of tumor growth, metastasis of malignancies and their regression under therapeutic treatment [4] [5] [6] . The use of various fluorescent agents, selectively accumulated in a tumor as a result of the enhanced permeability and retention effect, or through specific binding with tumor antigens, has been widely demonstrated. However, the stable transfection of cancer cells with fluorescent protein (FP) genes opens up the possibility for highly specific genetic tumor labeling. It is important that the cancer cells express the FP in a desirable cell compartment, throughout their whole life, and that this ability is passed from one generation to the next. Therefore, such genetic marking offers new opportunities for solving a variety of problems ranging from basic studies of the process of carcinogenesis to real-time investigations for drug-response evaluation [6, 7] .
Among the techniques for small animal imaging, fluorescence diffuse tomography (FDT) is definitely one of the more advanced methods, which enables threedimensional (3D) volumetric imaging of the spatial distribution of the fluorophore [8] [9] [10] [11] [12] [13] [14] [15] [16] . This technique is based on measurements of the fluorescence intensity obtained at different positions of the light source and receiver, relative to the object under investigation [8, 9] . After a large number of tomographic measurements and discretization of the object into voxels, the FDT problem is reduced to a system of linear algebraic equations. These can be solved by iterative methods alone because the strong light scattering in tissues leads to ill-condition of the weight matrix [10] . Measurements of additional fluorescence characteristics using different types of FDT such as spectral intensity (spectrally-resolved FDT [11, 12] ), or with varied duration and shape of the light pulse (time-domain FDT [13, 14] ) or phase of intensity-modulated light (frequencydomain FDT [14, 15] ), can improve the conditioning of the inverse problem and quality of the reconstructed image. Generally, all types of FDT provide the most accurate information about the size and location of a labeled tumor in the animal body [16] , but the reconstruction of fluorophore spatial distribution requires a high signal-to-noise ratio (SNR) on projections of the animal. In particular, FDT techniques cannot be used for the localization of tumors where the fluorescence is weak compared with the level of tissue autofluorescence and the intrinsic noise of the receiver, although such intrinsic noise is usually well below the level of the autofluorescence. For such cases, planar two-dimensional (2D) fluorescence imaging techniques, without any 3-D reconstruction procedure, are widely applied in modern biomedicine.
The complex nature of light propagation in biotissues (absorption and significant scattering of the light) makes the configuration of fluorescence imaging systems of critical importance, impacting on the image information content. In general, all measurements are acquired either in reflectance (epi-illumination) mode, in which the light sources and fluorescence receivers are positioned on the same side of the tissue, or in transmission (trans-illumination) mode, based on illuminating the object being investigated from one side and detecting the fluorescence that subsequently passes through the tissue. Conventional epiillumination systems [17, 18] use light sources spread over the animal and the fluorescence is usually acquired by a charge-coupled device (CCD) camera over the entire illuminated area. Such configurations of the light source and receiver are simple, relatively inexpensive, and provide rapid (1-5 s) estimation of the cross-sectional size of the tumor xenograft growing subcutaneously. However, the epi-illumination technique is severely limited in its ability to probe deep tissues as a result of signal contamination with tissue autofluorescence and any excitation light which passes through the filters. This creates difficulties for the imaging of orthotopic tumors located within the internal organs, as actually such tumors represent the more adequate cancer model. Furthermore, orthotopically implanted tumors display enhanced invasion and metastatic abilities, and provide a more predictive response in relation to drug treatment [16, 19] .
The sensitivity of the trans-illumination technique [20] [21] [22] [23] [24] is more appropriate for deeply seated fluorophores than is the epi-illumination configuration because of the substantial attenuation of tissue autofluorescence when the light passes through the animal body. Moreover, the fluorescence signal recorded in trans-illumination configuration is also less sensitive to the depth of the fluorophore when compared with the signal detected in epi-illumination mode. Commercial devices for trans-illumination imaging usually use raster-scanning for the light source, whereas the fluorescence is acquired by a CCD camera as would be used in epi-illumination mode [20] . In some experimental set-ups raster-scanning is performed both with the excitation sources and the fluorescence receivers [21] . The latter systems provide more accurate quantification than experimental set-ups with wide-field camera detection, but require a longer time to acquire a single image. This is because detection with a CCD is not really designed to work when there are many different positions of the excitation light source [22] . Calculation of the ratio between the measured fluorescence and the excitation light propagated through the tissue (Born normalization) for each scanning point allows the influence of variations in the optical properties of the tissue to be reduced [23, 24] . Unlike the epi-illumination technique, the sensitivity of trans-illumination imaging is mainly limited by the extent of light attenuation within the animal body; thus, highly sensitive, cooled receivers such as CCDs, photomultiplier tubes (PMTs) and avalanche photodiodes must be used to detect the weak fluorescence. However the existing devices for trans-illumination imaging do not allow achievement of ultimate sensitivity due to stray light propagated through the outer regions of the experimental animal (edge flare).
In this paper, a compact, versatile and low-cost system for small animal fluorescence imaging is presented which combines epi-and trans-illumination techniques and also allows 3-D reconstruction of fluorophore spatial distribution to be performed in the case of a high SNR. An homogeneous broad beam light-emitting diode (LED) illumination of the animal in combination with a CCD camera was used for the epi-illumination technique. The trans-illumination imaging was performed using a fiber output from a laser source and a fiber-bundle input to a PMT, the planar geometry of which was positioned using a mechanical scanning system. To eliminate the edge flare effect, a special mount for the animal was designed, with absorption gaskets around the object being investigated.
In vivo experiments were conducted on mice bearing FPexpressing tumors to compare the epi-and trans-illumination techniques implemented in the experimental set-up with one of the most advanced commercial fluorescence imaging devices available.
Materials and methods

Cell line, animals and tumor model
The animal studies were performed on female BALB/c mice weighing 20-22 g, obtained from the Nursery for Laboratory Animals (IBCH RAS, Pushchino, Russia).
To generate tumors, a mouse colon carcinoma cell line (CT26) stably expressing a red-emitting FP (KillerRed FP) in fusion with histone H2B (chromatin) was used. This cell line (CT26-KR) was kindly provided by Prof. Sergey Lukyanov (Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry RAS, Moscow, Russia). The cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, 50 U/ml penicillin, 50 μg/ml streptomycin and 4 mm L-glutamine. The cells were seeded in flasks (25 cm 2 ) at 37°C and 5% CO 2 . Subculturing was performed every 2-3 days, at 80% confluency of the cultures.
The KillerRed FP used refers to the far red FPs (excitation: 530-600 nm, emission: 590-660 nm) [25] which therefore allow the visualization of deep-seated tumors. However, these proteins have low quantum efficiency, so it is difficult to use the KillerRed FP for FDT, but it is perfect for epi-and trans-illumination non-tomographic imaging.
Orthotopic models of colorectal cancer in the bodies of mice were established by the transplantation of CT26-KR tumor pieces (∼1.5 mm 3 ) onto the cecum of each animal. Mice with a previously established subcutaneous tumor were euthanized and the tumors were removed and cut into small pieces in DMEM cell culture medium for transplantation into recipient mice. Prior to transplantation, the animals were anaesthetized with Zoletil ® in combination with xylazine, and the cecal wall of the mice was slightly damaged using tweezers to facilitate tumor cell infiltration. Preliminary subcutaneous tumors in a further group of mice were obtained by injection of 1 million CT26-KR cells in 100 μl phosphate buffered saline into the thigh. All the experiments conducted on animals were approved by the Institutional Ethical Committee (Nizhny Novgorod State Medical Academy, Nizhny Novgorod, Russia).
Experimental set-up for fluorescence imaging
A schematic diagram and a photograph of the system which was developed for small animal imaging are shown in Figure 1 . This experimental set-up combines both epiand trans-illumination configurations of the light source and of the fluorescence receiver [12] . For the epi-illumination fluorescence imaging a cooled (-27°C below ambient temperature) CCD camera (Atik314L+; Artemis CCD Limited) with a LED board (illumination wavelengths: 467, 518, 590, 635 nm) was used. The field of LED illumination and sensitivity of the CCD camera provided coverage of the entire animal. For fluorescence separation, a wheel with a number of emission filters (HQ515/30m-2p, HQ545/90m, HQ605/50m, HQ650/60m, HQ710/50m; Chroma Technology Corp) was installed between the objective and the CCD camera. The use of interferometric filters allowed suppression by 4 orders of magnitude of the excitation light to be achieved at the CCD camera. Different combinations of filters and wavelengths of illumination were used to excite and detect various fluorophores. The process of obtaining one fluorescence epi-illumination image took 1-25 s, depending on the marker brightness. For trans-illumination imaging, synchronous scanning of the animal over a planar field using laser sources and a cooled PMT (H7422-20; Hamamatsu) was applied. The scanning was performed using stepping motors (MDrive 14; Schneider Electric Motion). To excite the fluorophores of the far-red family (Katushka, mCherry, mPlum, tdTomato, KillerRed etc.) a yellow laser at a wavelength of 593 nm (SDL-593-200T, Shanghai Dream Lasers Technology Co., Ltd.) was used, and to normalize the fluorescence images in relation to the transmitted light a red laser source at a wavelength of 642 nm (ML-30M-640; DILAS Diodenlaser GmbH) was used. The power applied to the animal body was 30 mW for the yellow and 1 mW for the red light sources. Moreover, modulation of the probing radiation and synchronous detection of the excited fluorescence in order to increase the SNR was applied. Both the beam diameter and the aperture of the detector were 0.5 mm. For fluorescence separation, an interferometric filter (HQ650/60m, Chroma Technology Corp) was installed on the PMT. Each measurement in the trans-illumination mode took 50-300 ms; this meant that in order to obtain a view of the entire animal with 0.5-1 mm scanning steps (spatial resolution), 2-20 min was required depending on the number of source-detector positions and the signal acquisition time for each scanning point. The system created for trans-illumination fluorescence imaging is fully automated and controlled by bespoke software. For scanning, the animal was placed vertically between optically clear glass plates and fixed using a light-absorption gasket on each side of the body. Figure 2A shows a photograph of the mounting designed for a mouse in which rubber absorption pads are used to eliminate the edge-flare effect that is probably caused by excitation light being propagated through the periphery of the animal from reaching the receiver. The distance between the plates is about 10-13 mm. Planar geometry is used in our system to fix and to minimize the thickness of the animal. Therefore the measured intensity of the emitted fluorescence is not influenced by the shape of the object being investigated, whereas the extent of occlusion of the light being propagated through the animal is reduced in order to allow visualization of the weak fluorescence of small or dim deep-seated tumors.
Animal study
To test the created experimental set-up and to compare the efficacy of trans-illumination imaging with the epi-illumination technique, two mice were used due to counteract the problem of possibly unsuccessful transplantation of tumor in animal body. In fact both surgical procedures were effective and all further fluorescence imaging of the orthotopic tumors was performed on both animals.
During the animal study, monitoring was performed within the mouse body of orthotopic colorectal tumor growth marked by KillerRed FP. Two systems were used for experimental research: 1) the commercially available IVIS Spectrum system (Caliper LifeSciences, USA) and the set-up for small animal imaging created by IAP RAS, Russia. The fluorescence images were acquired by epi-and trans-illumination techniques on days 1, 3, 6, 7, 8, and 9 of the tumor growth, and superimposed on to a photograph of the animal concerned. Before the imaging procedure the abdominal area was shaved, and the animals were anesthetized with Zoletil ® in combination with xylazine. Examples of the images of emitted fluorescence obtained with trans-illumination, transmitted light and the results of Born normalization are shown in Figures  2B-D . These images were obtained using 1-mm steps across a 15 × 15 mm 2 scanning area. The IVIS Spectrum system is designed as a system for small animal fluorescence imaging and has outstanding capabilities for the visualization of bioluminescent and fluorescent markers across the blue to near-infrared wavelength region, using 3D-FDT or 2-D trans-illumination and epi-illumination modes. However the specially designed set-up presented here, unlike the IVIS Spectrum system, permits determination of the shape of the object being investigated and utilizes a CCD camera and fixed positions of the probe irradiation sources in order to implement the trans-illumination technique. The animal studies with the IVIS Spectrum system were performed without the use of designed animal mount with absorption gaskets because it did not allow the shape of the object under investigation to be determined, and this is necessary for the correct operation of this system.
Results and discussion
The results obtained from the animal study on both mice were similar. Therefore only fluorescence images of the first mouse are presented. Figure 3 A-I depicts the results obtained from monitoring the growth of orthotopic tumor in the mouse body within 3 days (7th to 9th day after tumor transplantation) using epi-and trans-illumination techniques in the IVIS Spectrum and IAP RAS systems. The small size and low fluorescence of the tumor did not allow it to be detected in the animal body during the first week after transplantation; therefore days 1, 3 and 6 are not represented in this figure. However, both systems were able to reveal the deep-seated tumor on the 7th day after transplantation when it had increased relative to its initial size and the fluorescence intensity exceeded the level of autofluorescence. As can be seen from Figure 3D -I both the IVIS Spectrum system and that were created by the IAP RAS experimental set-up have similar abilities to visualize a tumor in epi-illumination mode. In epi-illumination images, a blurred, low-contrast tumor without any differentiation of tumor nodules can be seen. The results presented confirm that as the sensitivity of the epi-illumination technique is limited by autofluorescence of the animal's skin, it is unnecessary to utilize ultrasensitive fluorescence receivers for this method. The trans-illumination technique, implemented in the IVIS Spectrum system, did not enable detection of the marked tumor at any point during the entire monitoring due to the strong edge-flare effect around the animal ( Figure 3J ). However the mounting for the mouse in the IAP RAS experimental set-up, incorporating absorption pads, allowed us to solve this problem, enabling fluorescence images of orthotopic deep-seated tumors to be recorded within the body of the mouse, using the trans-illumination technique ( Figure  3A-C) .
As is shown in Figure 3 the animal research undertaken allowed the process of colorectal tumor growth in the mouse body to be observed over a period of 3 days. Furthermore the newly-designed trans-illumination method permitted the discovery and discrimination of the tumor nodules in the animal body, and also demonstrated the greater contrast obtainable compared with epi-illumination imaging. These results were possible due to the substantial attenuation of the animal skin autofluorescence as the light passes through the other tissues, together with the reduced blurring of the fluorescence images in transmitted light. However, to make the trans-illumination technique effective the use of absorption gaskets was required around the object under investigation. Also the correct normalization of the fluorescence images in relation to the light transmitted through the animal body was necessary as it would otherwise have been impossible to detect the tumor fluorescence against the background of edge flare. Figure 3K also demonstrates the size and position of the orthotopic tumor after euthanasia and autopsy of the animal for verification of the epi-and trans-illumination techniques implemented in the IVIS Spectrum system and in the IAP RAS experimental set-up created for fluorescence imaging. Examination of the abdominal cavity and comparison of this with the fluorescence images in vivo showed that the position and size of the fluorescent zone corresponded to those of the actual tumor. Some of the fluorescence images obtained were blurry due to light scattering by animal tissues, but the trans-illumination technique allowed to discriminate the tumor nodes and made it possible to determine their boundaries more clearly, unlike the epi-illumination imaging. Trans-illumination is the method of choice to visualize deep-seated tumors in their early stages due to the high degree of contrast, whereby epi-illumination imaging does not improve the final results.
Conclusion
This paper is a presentation of an experimental set-up for small animal fluorescence imaging which combines an epi-illumination technique based on LED illumination of the animal in combination with a CCD camera, and trans-illumination imaging utilizing synchronous rasterscanning of the animal with laser sources and a PMT. As was previously known, the chosen planar geometry of the trans-illumination imaging provides more accurate quantification than a configuration using wide-field camera detection, but effective use of the trans-illumination technique requires Born normalization of the fluorescence signal, and removal of the edge flare caused by any excitation light propagated through the periphery of the animal. To achieve these objectives, a special mount was designed for the animal incorporating light-absorption pads on both sides of the body. This mount allowed us both to minimize and to fix the thickness of the animal body, thereby greatly improving the efficacy of the trans-illumination technique for the visualization of deep-seated orthotopic tumors of small size or with dim fluorophores. Animal studies performed with the developed set-up for fluorescence imaging confirmed the high efficacy of the trans-illumination technique used when combined with the newly-designed mount for the mouse. The results of the animal studies have shown that this new experimental set-up is as good as the best of the existing commercially available systems. According to this, due to its compactness and low cost prospects for its commercial use are good.
